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Abstract 

Germanium  nanowire  (GeNW)-positioned  Sehottky  solar  eell  was  fabrieated 
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by  a  solution  process.  A  GeNW-containing  solution  was  spread  out  onto 
asymmetrie  metal  eleetrodes  to  produee  a  reetifying  eurrent  flow.  Under 
one-sun  illumination,  the  GeNW-positioned  Sehottky  solar  eell  yields  an 
open-eireuit  voltage  of  177  mV  and  a  short-cireuit  eurrent  of  19.2  nA. 
Sehottky  and  ohmie  eontaets  between  a  single  GeNW  and  different  metal 
eleetrodes  were  systematieally  investigated.  This  solution  proeess  may 
provide  a  route  to  the  eost-effeetive  nanostructure  solar  arehiteeture. 
Introduction 

Nanostruetures,  sueh  as  earbon  nanotubes  and  nano  wires,  have  emerged  as 
potential  building  bloeks  in  nanoseale  applieations  of  mieroseopy  tips  [1], 
gas  sensors  [2],  nanoseale  intereonneets  [3],  and  field  emitters  [4]  mainly 
beeause  of  their  tiny  size  satisfying  the  needs  of  down-seale  sehemes, 
effieiently  and  effeetively. 

Reeently,  semieondueting  nanowires  have  been  intensively 
investigated  for  the  produetion  of  eost-effeetive  solar  eells  [5].  This  type  of 
nanostrueture  provides  advantages  of  a  short  length  of  earner  colleetion  [5, 
6]  and  enhaneement  of  the  optieal  absorption  in  eomparison  with  the  bulk 
strueture  [7].  Although  the  advantages  of  nanowire-utilizing  solar  eells  have 
been  predieted,  their  promising  potential  has  not  been  mueh  aehieved 
beeause  of  the  diffieulty  of  the  junetion  formation  in  the  tiny  nanostrueture. 
The  Sehottky  eontaet  of  the  metal-semieonduetor  has  attraeted  huge  interests 
for  applieations,  sueh  as  the  UV  deteetors,  nanogenerators,  and  solar  eells 


2 


[8-10]  because  of  the  ease  of  junction  formation  of  the  semiconducting 
nanostructures. 

Germanium  (Ge)  is  compatible  with  Si  technology  and  thus  may 
enhance  the  performance  of  Si-based  solar  cells  by  modulation  of  the 
bandgap  to  optimize  the  solar  spectrum  harvest.  Although  various 
nanomaterials  have  been  investigated  for  solar  cell  applications  [11-13],  few 
researches  have  been  performed  on  Ge  nanowires  (GeNWs)  for  solar  cells  to 
date.  From  the  perspective  of  production,  the  prescribed  solution  process  is 
required  to  achieve  cost-effective  nanostructure  solar  cells  [10]. 

We  present  here  the  solution-processed  GeNW-positioned  Schottky 
solar  cell.  A  GeNW-containing  solution  was  dropped  onto  a  metal  electrode. 
Asymmetric  metals  were  applied  to  form  a  Schottky  contact,  establishing  a 
rectifying  current  flow.  Under  light  illumination,  the  contact  system  of  the 
GeNW  to  asymmetric  metal  electrodes  provides  Schottky  solar  cell 
performance.  The  junction  of  metal  and  GeNW  using  symmetric  and 
asymmetric  metal  contacts  is  also  systematically  investigated. 

Experimental 

The  growth  of  GeNWs  was  achieved  by  the  thermal  vapor  transport.  A  5- 
nm-thick  Au  film  coated-Si  substrate  was  placed  close  to  a  basket  containing 
Ge  powder  (Germanium  99.98%,  Korea  Sigma-Aldrich)  inside  a  quartz  tube 
reactor.  The  growth  temperature  was  controlled  at  800°C  under  an  Ar 
atmosphere. 
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To  prepare  NW-eontaining  solution,  the  GeNW-grown  sample  was 
plaeed  in  a  methanol-filled  vial.  An  ultrasonieation  proeess  was  earned  out 
for  60  min  to  separate  the  grown  GeNWs  from  the  substrate  and  then 
eentrifuged  at  10000  rpm  for  60  min  to  remove  residuals.  The  GeNW- 
eontaining  solution  of  2  pL  was  dropped  onto  metal  eleetrodes  under  an  ae 
eleetrie  field  to  align  the  GeNWs  between  the  eleetrodes.  A  field-emission 
seanning  eleetron  mieroseope  (FEI  Sirion)  was  used  for  observing  the 
GeNWs  and  their  positioning  on  the  metal  eleetrodes.  A  field-emission 
transmission  eleetron  mieroseope  (TEM)  (EEI  Teenai  E30  Super-Twin) 
analysis  was  performed  to  verify  the  nanowire  strueture.  Seleeted-area 
eleetron  diffraetion  and  fast  Eourier  transformation  (EETs,  GATAN)  revealed 
a  erystalline  strueture  and  the  growth  direetion  of  the  GeNW. 

Results  and  discussion 

Typieal  morphologies  of  GeNWs  grown  by  the  thermal  vapor  transport 
method  are  shown  in  Eigure  la,b.  The  length  of  the  nanowires  is  generally 
above  10  pm  with  40-80  nm  in  diameter.  A  TEM  image  of  a  single  GeNW  is 
shown  in  Eigure  le.  A  thin  Ge  oxide  eoating  was  observed,  whieh  may  be 
formed  during  the  growth  of  nano  wires.  High-resolution  TEM  (HRTEM) 
images  are  presented  in  Eigure  ld,e.  The  lattiees  were  spaeed  at  0.327  nm, 
eorresponding  to  the  Ge  (111).  Eigure  If  shows  a  diffraetogram  obtained 
from  an  HRTEM  image  with  the  eleetron  beam  parallel  to  the  [011]  zone 
axis,  indieating  single  erystallinity  of  the  GeNW. 
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To  obtain  the  electrical  connection  of  a  single  GcNW,  three-pairs  of 
titanium  (Ti)  metal  platforms  were  prepared  by  an  optical  lithography 
process,  as  depicted  in  Figure  2a.  The  single-pair  of  Ti  electrodes  was  biased 
with  an  ac  signal  of  10  Vp.p  at  100  kHz,  and  then  2  pL  of  the  GeNW- 
containing  solution  was  dropped  onto  the  electrode,  thereby  positioning  the 
GeNWs  in  the  designated  location.  Two  different  metal  fingers  of  Pt  and  A1 
were  then  e-beam  patterned  and  connected  to  Ti  metal  platforms.  The 
configuration  is  presented  in  Figure  2b,  and  scanning  electron  microscope 
(SEM)  images  are  shown  in  Figure  2c,d.  A  single  GeNW  was  alternatively 
connected  to  A1  and  Pt  finger  electrodes.  This  feature  provides  three- 
different  metal  contacts  to  the  GeNW.  Homogeneous  metal  connections  (Al- 
GeNW-Al  or  Pt-GeNW-Pt)  and  an  asymmetric  metal  connection  (Al-GeNW- 
Pt)  were  simultaneously  formed. 

The  dark  1-V  characteristics  of  a  single  GeNW  were  obtained  from 
the  three  different  systems.  The  intrinsic  Ge  has  a  work  function  of  4.33  eV, 
which  is  higher  than  that  of  A1  (4.06  eV)  and  lower  than  that  of  Pt  (5.6  eV). 
The  ohmic  current  flows  were  obtained  from  the  symmetric  Pt-Pt  or  Al-Al 
metal  contacts  as  shown  in  Figure  3a,b,  respectively.  Otherwise,  the 
asymmetric  Pt-Al  metal  contacts  rectified  the  current  flow,  as  shown  in 
Figure  3c,  which  is  attributed  to  the  different  metal  contacts  to  the  GeNW 
establishing  an  electron  barrier  between  the  Pt  metal  and  GeNW  and  a  hole 
barrier  between  the  A1  metal  and  GeNW. 
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A  laser  light  source  (10  mW)  was  utilized  to  obtain  the  photoresponse 
from  the  single  GeNW-positioned  Schottky  device  and  provided  an  open 
circuit  voltage  (Voc)  of  0.78  V  and  a  short  current  (Ac)  of  650  pA, 
corresponding  to  2.24  A/cm  driven  from  the  light-exposed  region.  Although 
this  high  value  is  induced  from  the  high  laser  power  source,  it  nevertheless 
highlights  the  potential  to  generate  high  current  from  the  GeNW  comparing 
to  the  previous  reports  on  Si  NW  [12,  13]. 

In  order  to  evaluate  the  feasibility  of  large-scale  production  of 
GeNWs  as  a  solar  cell,  asymmetric  metal  electrodes  were  prepattemed  by  an 
optical  lithography  process.  This  provides  a  rectifying  junction  between  the 
metals  and  the  semiconducting  NW  without  an  e-beam  or  a  focused  ion 
beam  [9,  12].  A  unit  device  has  30  interdigitated  fingers  with  a  length  of 
500  pm  and  a  20- pm  width.  A  finger  electrode  has  a  1-pm  gap  to  the 
neighboring  ones. 

The  GeNW-containing  solution  was  spread  out  onto  the  interdigitated 
metal  electrodes.  A  schematic  of  the  multiple  GeNW-positioned  Schottky 
device  (Al-GeNWs-Pt)  is  presented  in  Figure  4a.  Figure  4b  is  a  SEM  image 
showing  that  multiple  GeNWs  were  contacted  to  the  asymmetric  metal 
electrodes. 

Under  a  dark  condition,  the  multiple  GeNW-positioned  Schottky  device 
clearly  provided  a  diode  performance  as  shown  in  Figure  4c.  Under 
thermionic  emission  theory,  the  I-V  characteristics  are  given  by  the 
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following  equation: 


_  q  dV 
kT  5(ln/) 


(1) 


-kT  (  J  1  ^  kT  ^  ( A**T^^ 

—  A“rV  “T  I^TTJ 


(2) 


where  n,  kT,  A**,  and  are  the  saturation  eurrent  density,  ideality 
faetor,  thermal  energy  (eV),  Riehardson  eonstant,  and  barrier  height, 
respeetively.  The  ideality  faetor  was  obtained  to  be  2.37,  and  the  barrier 
height  was  ealeulated  to  be  0.93  eV. 

Under  the  light  eondition,  the  multiple  GeNW-positioned  Sehottky 
deviee  yields  a  Voc  of  177  mV  and  an  /^c  of  19.2  nA,  as  shown  in  Figure  4d. 
It  is  worth  noting  that  the  photogenerated  voltage  is  eomparable  to  that  of 
bulk  Ge  solar  eell  [14]. 

The  number  of  GeNWs  (A)  ineorporated  in  the  deviee  was  ealeulated 
by  the  ratio  of  the  saturation  eurrent  (A)  of  a  single  GeNW. 

7,  of  NW  bundle  620  pA  ,,,, 

/  of  the  Single  NW  188  f A 

(3) 

The  result  indieates  that  a  short-eireuit  eurrent  of  5.8  pA  is  obtained  from  a 
single  GeNW,  whieh  eorresponds  to  a  Ac  of  6.69  mA/em^  eonsidering  the 
light-exposed  area.  This  value  is  signifieantly  higher  than  that  (5  mA/em^  of 
Ac)  from  a  single  silieon  nano  wire  [13],  beeause  the  Ge  has  a  smaller 
bandgap  (0.67  eV)  with  a  two-order  higher  light  absorption  eapability  than 
Si.  It  demonstrates  the  potential  to  enhanee  the  photogenerating  eurrent 


7 


using  a  GeNW  light  absorber  [14]. 

Conclusion 

In  summary,  we  have  fabrieated  a  solution-proeessed  GeNW-positioned 
Sehottky  solar  eell.  A  solution  eontaining  GeNWs  was  spread  on  metal 
eleetrodes  under  an  ae  eleetrie  field,  and  the  GeNWs  were  positioned  onto 
the  metal  electrodes.  A  Sehottky  contact  between  metal  and  a  single  GeNW 
was  formed  using  asymmetric  metal  electrodes,  and  the  photoresponse  was 
demonstrated  under  laser  light.  Under  one-sun  illumination,  the  GeNW 
Sehottky  solar  cell  provided  an  open-circuit  voltage  of  177  mV  and  a  short- 
circuit  current  of  19.2  nA.  This  solution  processed-Schottky  solar  cell  is 
expected  to  provide  a  cost-effective  nanostructure  solar  cell  architecture. 
Abbreviations 

FFTs,  fast  Fourier  transformation;  GeNWs,  germanium  nanowires;  HRTEM, 
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Figure  1  Observations  of  the  GeNW. 

(a)  Low-magnification  SEM  image  of  as  grown  GeNWs.  (b)  High- 
magnification  SEM  image  of  GeNWs  40-80  nm  in  diameter,  (c)  TEM  image 
of  a  single  GeNW.  (d)  The  HRTEM  image  shows  that  the  GeNW  was  grown 
in  the  [111]  direction,  (e)  The  lattice  was  spaced  at  0.327  nm  corresponding 
to  Ge  (111).  The  inset  is  a  diffractogram  obtained  from  the  HRTEM  image. 
Figure  2  Schottky  junction  diode  for  single  GeNW. 

(a)  A  schematic  diagram  of  the  three-pairs  of  Ti  metal  platforms.  The 
solution  containing  GeNWs  was  dropped  while  the  centrally  located  metal 
pairs  were  ac-biased  to  position  the  GeNWs  in  the  designated  location,  (b) 
The  configuration  of  the  e-beam  processed  A1  and  Pt  electrodes  on  the 
GeNW.  (c)  SEM  image  of  the  configuration,  (d)  An  enlarged  image  of  (c) 
showing  the  GeNW  alternating  contact  with  the  Pt  and  A1  electrodes. 

Figure  3  Current- voltage  characteristics  in  dark  condition. 
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The  dark  1-V  characteristics  of  (a)  Pt-GeNW-Pt,  (b)  Al-GeNW-Al,  and  (c) 
Pt-GcNW-Al.  Ohmic  current  flows  were  achieved  from  the  symmetric  metal 
contacts  while  the  asymmetric  Pt-Al  contacts  provide  a  rectifying  current 
flow  due  to  the  Schottky  junction. 

Figure  4  GeNW-positioned  Schottky  solar  cell. 

(a)  A  schematic  of  the  multiple  GcNWs  Schottky  device  (Al-GcNWs-Pt). 

(b)  SEM  image  showing  the  GcNWs  in  contact  with  the  Pt  and  A1  electrodes. 

(c)  The  dark  1-V  characteristics  of  the  multiple  GeNWs  device  show 
Schottky  diode  performance  similar  to  the  single  GeNW.  (d)  Under  one- sun 
illumination,  the  Schottky  device  yields  a  Voc  of  177  mV  and  an  Ac  of 
19.2  nA. 
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